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The electro-optical response was measured by a photomultiplier in the first diffraction order in the focal plane of a lens located on the rear of the SLM.
The switch-on time was defined as the build-up time of the response from level 0.1 to level 0.9. The switch-off time corresponded to a decay time of the response from the maximum value to level 0.1. The proposed device had switch-on and switch-off times of 3ms and 20ms, respectively, resulting in an increase in the frequency of the write-read cycle from 0.2Hz [5] to 5Hz for the polymer SLM.
The SLM showed the following main characteristics: the sensitivity at 1% diffraction efficiency was 2 x lWJ/nn2, the maximum diffraction efficiency at a spatial frequency of IOOmm was about IO%, the resolution defined at the half-maximum diffraction efficiency was 150mm-' and the limiting resolution was 350mm-I.
A drastic increase in the speed of the proposed SLM was likely to be caused by the fact that, with a high-resistivity alignment film, the pin diode could be realised in the proposed SLM structure.
In conclusion, a switch-on time of 3ms and a switch-off time of 20ms have been obtained for the first time in the SLM with the polymer photosensitive layer, with conservation of the high resolution. In the past, considerable effort has been directed towards the analysis of soliton amplification in transmission over longer distances. Successful transmission has been achieved over nearly unlimited distances using the so-called path average soliton or guiding soliton principle [I -31. However, these ate based on the assump tion of having an amplifier separation much less than the soliton period (ZJ. When transmitting short optical solitons (a few picoseconds) the soliton period reduces to the order of hundreds of metres when using dispersion-shifted fibre or to only tens of metres using standard telecommunications fibre. In such cases, the above-mentioned schemes become impractical. Therefore, it is important to investigate the behaviour of solitons transmitted over many soliton periods and solve the problem of achieving stable soliton transmission under repeated amplification. Solitons launched into a fibre are typically of the form u(z = 0, t ) = A, sech (t). When A, = 1 the pulse represents a first-order (fundamental) soliton of normalised amplitude. When A, deviates from unity (i.e. A, = ]+a), the soliton adjusts itself according to the dispersion of the fibre and the achievable self-phase modulation. In doing this, the soliton sheds energy, which disperses, leaving, in the lossless case, a soliton of the fonn
In a transmission system, this steady-state soliton will never be achieved, due to the fibre loss. To compensate, the soliton needs to be amplified while it is approaching the form given by eqn. 1 above. Recently, one approach for this suggested the use of nonlinear amplifying loop mirrors (NALMs) [4] or nonlinear optical loop mirrors (NOLMs) [5] , when the soliton period is only a small fraction of the amplifier separation. In this Letter we describe the recovery of 1.3ps solitons transmitted through 5 km of standard telecommunications fibre ( D = 15ps nm-lkm-') using a nonlinear amplifying loop mirror. 
See text for notation
A schematic diagram of the experimental configuration is shown in Fig. 1 . The source of pulses was derived from a modified figure-of-eight erbium fibre soliton laser [6] . Generally, the output from such laser systems is obtained from the passive loop, and consequently the output powers are low. In such circumstances the power of the generated solitons is inadequate for soliton propagation studies in standard telecommunications fibre (STF). In the modified system, the output was taken from the active loop, directly after the amplifier. By doing so, considerably higher and widely applicable pulse powers (-35W) are obtained. Stable, longterm (> 12h) operation with a single, tunable, high-power pulse per round trip was obtained. the laser. These pulses were then propagated through 5km of STF, broadening to 2.3ps as also displayed in Fig. 2 . The propagation distance corresponded to 110 soliton periods (2, = 45m). On exit the pulses were directed through an isolator into an NALM, consisting of a diode-pumped Yb:Er amplifier (IRE-Polus, -10m long), 5m STF and 50m of dispersion shifted fibre (DSF). The transmitted (and reflected) signal from the NALM was examined both spectrally and temporally as a function of the launched power and gain in the NALM. Neglecting dispersion in the loop, the power transfer function of the NALM in the simplest case is time. ps m P,,t(t) = P,,(t)Gsin2(aP,,(t) + @o)
where G is the gain of the amplifier, Ph(t) the power before the 3dB coupler, a the maximum achievable phase difference between the pulses travelling in opposite directions (a = aLn,(G-l)/ (2MeU)), L the effective length of the loop and Q1, the linear phase delay accumulated in the loop. Because the polarisation state of the signals in the loop is a critical factor, it is essential to include a polarisation controller (PCI) within the NALM. Eqn. 2 is derived neglecting dispersion. To verify the validity range of this assumption, the evolution of the pulses travelling in opposite directions in the NALM was simulated numerically for various gain levels (for 0, = 0), taking dispersion into account. A comparison of the pulse compression ratio obtained numerically and analytically through eqn. 2 showed that, for aP,(t = 0) < 0.2, the error was less than 4%, and even for larger values of the phase shift (aPh(t = 0) = K/ 2) the analytical pulse compression was equal to the exact numencal result within 10%. Therefore, eqn. 2 was used to investigate the effect of the linear phase rotation a,,. To illustrate the influence of the setting of PC1, Fig. 3a shows the input pulse (----) and two examples of pulse shapes that can be transmitted by the NALM, depending on the values of a and m0. Note that a compression factor of around 2 is achievable, keeping the pulse shape nearly unchanged (e.g. ---). Even higher compression may be achieved at the expense of severe pulse shaping (e.g. ---), The two hrokenline traces were scaled down -10 and -5times, respectively, for normalisation purposes.
Recovery, amplification and pulse compression by a factor approaching 2 was achieved experimentally in transmission through the NALM. Fig. 3b shows the recovered soliton pulse for two values of the gain in the NALM. With increasing gain the recovered pulsewidth was reduced. Pulses with a FWHM duration as short as -1 . 3~~ were obtained. As can be seen from Fig. 36 (dotted lines) the fit assuming a hyperbolic secant shape is good only for low gain values, i.e. with a small. This is expected from eqn. 2, because only for aP,,(t = 0) << a0 does the output pulse keep the sech shape (slightly amplified). The maximum gain available was -15dB, corresponding to a phase shift of -1 rad for the available power.
To illustrate the use of the setup as a soliton amplifier, the pulses were transmitted over lOkm of STF with the NALM ps pulses were coupled into the second fibre. The 2.2ps output pulses (and theoretical sech fit) following lOkm transmission, and shown in Fig. 4 (compare also to Fig. 2) , imply that asymptotic soliton propagation is achieved.
In conclusion, we have demonstrated the implementation of an NALM for soliton pulse recoveryiamplification and transmission where the amplification period is considerably greater than the characterislic soliton period. The NALM should also find application as a means to reduce soliton-soliton interaction in high-repetition-rate bit sequences. The authors report the first comparison, at the national standards level, of photodiode frequency response measurements at wavelengths of 1.285, 1.319 and 1 . 5 3 1 p . A photodiode was measured up to 40GHz and the results were normalised to 1.319 pm using a model of the device. The average scatter in the results was iO.12dB (20) below 20GHz and fO.2ldB from 20 to 33GHz.
Introduction:
In a recent international intercomparison of photodiode [I] measurements, involving NPL and nine instrument manufacturers and telecommunications research laboratories, the measured electrical 3dB points of one circulated device varied from 15.1 to 19.8GHz at 1 . 3~ and from 9.8 to 19.9GHz at 1.5!.un. These results showed that accurate RF power measurement is critical for photodiode frequency response measurements.
To follow on from this work a new comparison was arranged between NPL and NIST. This would determine the achievable accuracy of our measurement systems and assess the stability of a transfer standard photodiode. In the present comparison a photodiode was measured on four systems, two at NIST (both at 1.319 W) and two at NPL (at 1 . 2 8 5~ and 1.531pn).
Experiment: An InGaAs pin photodiode, with a nominal optical bandwidth of 2OGHz. fitted with a 3.5mm RF connector, was used for this comparison. The photodiode output was DC-coupled so the device was fitted with a 3dB attenuator to provide a DC return path to ground. The attenuator also improved the electrical impedance match between the photodiode package and the measurement systems.
Measurement systems I and 2: Both systems at NIST used two single-mode monolithic-ring Nd:YAG lasers operating at l.3l9pm [2] . System 1 measured up to 40GHz and used a calibrated RF power sensor with a 2.4mm connector and a 2.92mm adapter.
System 2 measured up to 33GHz and used a calibrated RF power sensor with a 3.5mm connector.
Measurement sysfem 3:
The NPL heterodyne system [3] consisted of a distributed-feedback laser and an externalcavity distributedfeedback laser at 1.531pm. System 3 measured up to 40GHz and used a broadband RF detector with a 2.92mm connector.
Measurement system 4: The NPL modulator-based system [4] uses an 8GHz Mach-Zehnder integrated-optical modulator biased at extinction to give a levelled modulated-optical signal of approximately 30pW up to 22GHz at 1 . 2 8 5~ with unlevelled operation up to 25GHz. The RF power from the photodiode was measured using an RF power sensor with a 3.5mm connector.
RF power measurements are directly traceable to UK national standards in systems 3 and 4 and to NIST national standards in systems 1 and 2.
Measurement uncertainties: Below 15GHz the uncertainty in the RF power sensor calibration is the dominant factor in all four measurement systems [5] . Above ISGHz the impedance mismatch between the photodiode and the measurement system becomes the dominant source of uncertainty. The effects of the impedance mismatch can be removed using a calculated correction factor based on vector network-analyser measurements on the photodiode and the measurement system [3]. After correction for impedance mismatch, the dominant source of uncertainty above 15 GHz in systems I, 2 and 4 is the RF sensor calibration uncertainty. Above 30 GHz, noise is the dominant source of uncertainty in system 3. System 4 requires additional corrections for laser relative intensity noise (RIN) and weak harmonically generated signals from the modulator. The uncertainty in these corrections increases with frequency and accounts for around 50% of the total uncertainty budget for system 4.
Wavelength correction: The absorption coefficient of InGaAs is a function of wavelength and so the frequency response of the photodiode will have a degree of wavelength dependence. The photodiode was modelled in an attempt to cancel this [6] effect.
Parameters used in this modelling were: intrinsic-layer thickness . The ratios of the responses at 1.531 and 1 . 2 8 5~ to the response at 1.319pn are shown in Fig. 1 . The uncertainties in these ratios were determined from uncertainties in the modelling parameters. OfTset from OdB IS due to a 3dB attenudtur A NIST Kd:YAG heterodync system 2.92mm
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